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Crystal structures of protein kinases continue to reveal new mechanisms for the regulation 
of catalytic activity of these enzymes. In this issue of Cell, Rosenberg et al. (2005) report the 
structure of the catalytic and regulatory domains of CaMKII, a protein kinase important in the 
cellular response to changes in intracellular calcium ion concentration. This study provides 
new mechanistic insights into the workings of this finely tuned molecular machine.The Ca2+/calmodulin (CaM)-depen-
dent protein kinase-II, CaMKII, is a 
major mediator of calcium signaling in 
brain, heart, and other tissues. It plays 
a key role in learning and memory and 
in calcium-dependent facilitation and 
homeostasis. A high-resolution crys-
tal structure would provide a mecha-
nistic understanding for some of the 
remarkable biochemical properties of 
this enzyme. The kinase is completely 
inactive prior to exposure to Ca2+/
CaM yet can attain Ca2+/CaM-autono-
mous activity following activation and 
autophosphorylation of a threonine 
residue (Thr 286 in mouse CaMKIIa) 
that lies downstream of the catalytic 
domain. Autophosphorylation con-
verts the kinase from possessing one 
of the weakest affinities for Ca2+/CaM 
to having one of the highest affinities 
by reducing the rate of CaM disso-
ciation several thousand-fold. Equally 
intriguing is the control of holoenzyme 
activation by the stimulus frequency 
of Ca2+ oscillations or spikes. This 
may underlie the critical role of CaM-
KII in decoding heart rate and neuro-
nal stimuli in learning and memory. 
Finally, activation of the kinase leads to 
increased affinity for several anchoring 
proteins, resulting in translocation to 
synapses and other sites with func-
tional consequences.
The first snapshot of the structure of 
this enzyme was an electron micros-
copy (EM) picture of CaMKII purified 
from rabbit skeletal muscle (Wood-
gett et al., 1983) that revealed a sym-
metrical hexagonal structure, which 
was deduced, based on molecular mass, to be composed of two stacked 
6-membered rings. In the interven-
ing years, this image faded, with bio-
chemical, EM, and crystallographic 
analysis reaching divergent conclu-
sions about the exact subunit number 
and the conformational changes that 
occur upon activation (Kanaseki et 
al., 1991; Kolodziej et al., 2000; Mor-
ris and Torok, 2001; Hoelz et al. 2003). 
At first glance, the findings of Rosen-
berg et al. (2005) in this issue of Cell 
may give the reader a sense of déjà 
vu, but a close inspection of the article 
will reveal a more mature, colorful, and 
detailed image of this enzyme that 
can help explain some of its molecular 
behavior.
The dodecameric structure of CaM-
KII is unique among protein kinases 
and conserved throughout evolu-
tion, suggesting that the multisubunit 
nature of this complex is a key to its 
unusual properties. Rosenberg et al. 
(2005) report the crystal structure of 
the catalytic and regulatory domains 
of the Caenorhabditis elegans CaM-
KII homolog, UNC-43. This enzyme 
was rendered catalytically inactive 
by an Asp135Asn mutation designed 
to avoid heterogeneity due to auto-
phosphorylation. They went on to 
use this structure together with the 
structure of the association domain 
(Hoelz et al. 2003) to model the 
entire dodecameric holoenzyme in 
its autoinhibited or basal state. Using 
SAXS (small-angle X-ray scattering), 
EM, and dynamic molecular model-
ing, the authors provide support for 
their model and predict the structure Cell 123, Deof the activated holoenzyme.
The structure of the CaMKII cata-
lytic and regulatory domains does 
indeed provide some fundamental 
insights into how the basal activity 
of CaMKII is tightly repressed in the 
absence of Ca2+/CaM. The asym-
metric unit of the crystal contains two 
autoinhibited catalytic domains in a 
symmetric dimer held together by an 
antiparallel coiled coil formed by the 
regulatory domains, which are each 
joined by a hinge to the C terminus of 
the catalytic domain. The α helix that 
forms the coiled coil contains both 
the Ca2+/CaM binding element and 
Thr 286, and phosphorylation of this 
residue renders the kinase Ca2+/CaM 
independent. The α-helical regulatory 
domain functions like an intelligent 
gate, with Thr 286 at its hinge, such 
that in the autoinhibited state the reg-
ulatory domain is positioned to steri-
cally occlude the protein substrate 
binding site and disrupt ATP binding 
in cis.
Based on the new catalytic/regula-
tory domain dimer structure and the 
previous structure of the association 
domains (Hoelz et al. 2003), Rosen-
berg et al. (2005) propose a model 
of the inactive CaMKII dodecamer in 
which each catalytic domain from the 
upper ring of six association domains 
forms an autoinhibited dimer with the 
equivalent catalytic domain in the 
lower ring, so that the kinase dimers 
are arranged around the periphery 
of the association domain annulus, 
forming a flattened disc. This model is 
consistent with the shape of inactive cember 2, 2005 ©2005 Elsevier Inc. 765
CaMKII determined by SAXS analysis 
and with EM reconstruction images 
obtained by Morris and Torok (2001).
How is activation of the holoenzyme 
achieved in response to elevation of 
intracellular Ca2+? As a consequence 
of Ca2+/CaM binding, the dimer pair 
would separate, and Thr 286 would 
be exposed and phosphorylated by 
another catalytic domain in the same 
ring, thus blocking reformation of the 
coiled coil. The fact that both Thr 286 
residues are sequestered in the inac-
tive dimer explains the requirement 
for coincident binding of Ca2+/CaM 
to neighboring subunits in order to 
achieve Thr 286 phosphorylation, with 
one CaM activating the subunit serv-
ing as “kinase” and the other also 
displacing the regulatory gate but 
exposing Thr 286 at its pole to serve 
as the “substrate” (Rich and Schul-
man, 1998). Although Rosenberg et 
al. (2005) ascribe suppression of basal 
autophosphorylation to the coiled-coil 
interaction, it would appear that the 
Thr 286 hydroxyl group is not appro-
priately oriented to accept a phosphate 
until Ca2+/CaM binding exposes it for 
phosphorylation by an active neigh-
boring subunit. The hinge region may 
serve to suppress kinase activity on a 
hair trigger until Ca2+/CaM binding and 
subsequent Thr 286 phosphorylation 
displace this region from the substrate 
binding site and disrupt the direct and 
allosteric interactions that preclude 
ATP binding.
Rosenberg et al. (2005) propose 
that once Ca2+/CaM binding causes 
the dissociation of a catalytic domain 
dimer from its regulatory domains, 
each of the catalytic domains can 
adopt an active conformation and flip 
up out of the plane of the respective 
association-domain ring. The cata-
lytic domains are then stabilized in 
this position through a latch-like inter-
action between a basic patch on the 
surface of the association domain 
and an acidic stretch in the linker that 
joins the regulatory domain and the 
first α helix in the association domain. 
This latch would prevent ready ref-
ormation of the inhibitory coiled coil 
and the autoinhibited state, even 
when Ca2+/CaM dissociates as the 
levels of Ca2+ fall. The now-exposed 766 Cell 123, December 2, 2005 ©2005 EThr 286 can then be phosphorylated 
by a neighboring subunit in the same 
ring, providing another block to rees-
tablishment of the autoinhibited state 
and possibly also resulting in a further 
conformational change that enhances 
Ca2+/CaM binding. In this regard, one 
important unanswered question is 
whether the phosphate on Thr 286 
not only prevents adoption of the 
autoinhibited state but also stabilizes 
the activated conformation through 
docking into a basic pocket, as is 
commonly found with the phosphate 
in the activation loop of kinases. In a 
fully activated holoenzyme, all 12 cat-
alytic domains will be in the flipped up 
position, generating a structure more 
similar to that proposed by Kolodziej 
et al. (2000).
The holoenzyme model raises a 
number of issues. How mobile are the 
catalytic domains after activation? 
Is there directional Thr 286 phos-
phorylation of subunits within each 
ring once the catalytic domains are 
flipped up, and is transphosphoryla-
tion of Thr 286 limited to neighbors? 
Do neighboring subunit pairs influ-
ence one another in some way; for 
example, when one pair is activated, 
does this enhance the dissociation of 
the neighboring autoinhibited dimers? 
Many aspects of this new model are 
plausible, but it needs to be tested by 
mutagenesis and refined by a struc-
ture of an activated form of CaMKII 
bound to ATP.
CaMKII can be targeted to multiple 
anchoring proteins through several 
distinct interactions. The presence 
of a functional coiled-coil segment 
revealed by the crystal structure sug-
gests yet another anchoring site. 
The association domain, which has 
isoform-specific inserts, is one way 
to anchor the kinase, for instance in 
binding the β-isoform to actin fila-
ments. The Thr 286 docking site (T 
site), exposed by activation of the 
kinase, is used to anchor CaMKII to the 
NMDA receptor subunit NR2B (Bayer 
et al., 2001) and to the Drosophila Eag 
potassium channel (Sun et al. 2004). 
These proteins apparently serve as 
a wedge to keep the inhibitory gate 
from closing and the kinase persis-
tently active. Interaction with some lsevier Inc.anchors requires further displacement 
of the gate by autophosphorylation or 
interaction with the phosphate on Thr 
286. The helical regulatory segment 
itself may serve as the basis for stable 
association, for instance through the 
formation of a heterotypic coiled coil 
between activated CaMKII and the 
homologous coiled-coil region in the 
Drosophila CASK homolog, Camguk. 
In this manner, interactions between 
multiple anchoring proteins and dif-
ferent domains of CaMKII can lead 
to clustering of individual holoen-
zymes to specific sites, such as the 
 synapse.
An intriguing memory model may 
be resurrected by the findings that 
the basic structural unit in CaMKII is a 
catalytic domain dimer and that self-
assembled dimers in a holoenzyme 
stabilize the dodecamer in the basal 
state, but not the fully activated state. 
As cognitive memories can last years, 
well beyond the turnover of proteins 
that may have been present during 
the synaptic activity leading to forma-
tion of the memories, there have been 
a number of suggestions of general 
and specific properties of a perpetual 
memory molecule that maintains its 
“on” state despite protein turnover 
(Crick, 1984; Lisman, 1985). An auto-
phosphorylated CaMKII could propa-
gate the “on” state and retain a history 
of synaptic activity if dimer subunits 
synthesized following the synaptic 
activity can insert into the autophos-
phorylated holoenzyme in exchange 
for dimers in the “on” state that are 
turning over. Such an exchange is, in 
fact, more likely to occur with holoen-
zymes in the “on” state, because the 
model and EM data indicate that the 
catalytic domains are oriented away 
from the association domain where 
they do not constrain assembly to 6-
mers and may therefore allow inser-
tion of new dimers in exchange for old 
ones through transient formation of a 
7-membered ring.
In summary, the new structure of 
the catalytic/regulatory domain region 
of CaMKII provides some intriguing 
insights into how the activity of CaMKII 
is tightly suppressed and how binding 
of Ca2+/CaM results in autophosphor-
ylation of Thr 286 and a switch-like 
conversion into a stable active state. 
In a broader sense, the formation 
of an autoinhibited catalytic domain 
dimer through a C-terminal regulatory 
domain coiled coil provides a novel 
mechanism for inhibition of basal pro-
tein kinase catalytic activity. Ultimately, 
a full understanding of how CaMKII is 
regulated so exquisitely in response 
to Ca2+ will require structures of the 
CaMKII holoenzyme in the active and 
inactive states.REfEREnCES
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